A model for the primary active transport by an ion pump protein is proposed. The model, the "energizationrelaxation channel model," describes an ion pump as a multiion channel that undergoes stochastic transitions between two conformational states by external energy supply. When the potential profile along ion transport pathway is asymmetrical, a net ion flux is induced by the transitions. In this model, the coupling of the conformational change and ion transport is stochastic and loose. The model qualitatively reproduces known properties of active transport such as the effect of ion concentration gradient and membrane potential on the rate of transport and the inhibition of ion transport at high ion concentration. We further examined the effect of various parameters on the ion transport properties of this model. The efficiency of the coupling was almost 100% under some conditions.
INTRODUCTION
Ion pumps transport ions against the ionic concentration gradient and membrane potential (⌬⌿) difference. The energy needed to drive this transport is derived from chemical or photoreactions. The transport mechanism of ion pumps has been modeled in many ways for a long time. One of the simplest descriptions of the function of ion pumps is a common enzyme reaction scheme that includes an ion transport step (Hansen et al., 1981; Chapman et al., 1983) . Such a model usually assumes a fixed stoichiometry between the number of fuel molecules (e.g., ATP) and the number of transported ions. We can calculate the properties of ion transport once appropriate rate constants are assigned by such a scheme. However, this hardly gives an image of the molecular mechanism or an idea of how the vectorial transport is achieved. Tanford proposed an alternative access model to give a simple image of how a conformational change of ion pumps drives ion translocation (Tanford, 1983) . Läuger proposed a model of ion pumps in which an essential part of the pump molecule is an ion channel (Läuger, 1979 (Läuger, , 1984 (Läuger, , 1991 . In ATP utilizing ion pumps, Hammes stressed the importance of two distinct conformational states (Hammes, 1982) . In the so-called cubic model for redox proton pumps, two distinct conformational states were also clearly proposed (Wikström et al., 1981; Malmström, 1985) . However, when these models were formally analyzed, many assumptions had to be introduced for simplification, and resultant schemes were similar to the usual deterministic kinetics.
Recent investigations of the structure of proton pumps (Gregorieff et al., 1996; Kimura et al., 1997; Luecke et al., 1998; Essen et al., 1998; Tsukihara et al., 1995; Iwata et al., 1995) have revealed that the pathway of proton translocation consists of distinct proton binding sites and that it may be regarded as a multiion channel (Hille and Schwarz, 1978; Hille, 1991) . It has been shown that the characteristics of proton transport by a light-driven proton pump, bacteriorhodopsin, reflect the properties of the proton channel portion, such as the pK a 's of the proton binding sites and the electrical distance between them (Muneyuki et al., 1996) . Motivated by these facts, we developed a simple stochastic model of ion pumps that we call the energization-relaxation channel model. In the model, an ion pump is regarded as a multiion channel with two different conformational states. Three ion-binding sites in the channel comprise an asymmetrical potential field for the translocated ions. The stochastic transition of the conformational states accompanying the affinity change of the ion binding site(s) (energization and relaxation) induces a unidirectional ion transport. This model is similar to Läuger's previous channel model (Läuger, 1979 (Läuger, , 1984 (Läuger, , 1991 , but the introduction of the concept of multiple ion occupancy added several properties. The coupling of energization or relaxation of the pump molecule to ion transport is essentially stochastic and loose, but the occupation of the multiple binding sites by translocated ions effectively suppressed backward translocation.
The primary purpose of this model is to give a simple and easily understandable explanation of vectorial transport. In addition, we demonstrate here that the model can qualitatively reproduce the known properties of ion translocation by bacteriorhodopsin, such as the ⌬pH and ⌬⌿ dependency of the rate of proton translocation (Muneyuki et al., 1996) and bell-shaped pH dependency of the transport (Muneyuki et al., 1998) . We have previously described the prototype of this model (Muneyuki et al., 1996) . In the present study, we further investigate the effect of the affinity of the ionbinding sites, the effect of the probability of the transition (flipping rate), and the effect of electrical distance between the binding sites on the transport properties based on this model. The coupling efficiency (number of translocated ions per number of energizations) was shown to depend strongly on these parameters, and under some conditions it reached almost 100%. Fig. 1 A shows the configuration of the model ion pump. There are three ion binding sites, A, B, and C. The affinity (dissociation constant, K d ) of each site for the transported ion is defined as the ratio of the rate constants of binding and release shown in Fig. 1 
THE MODEL
. When the transported ion is a proton, the pK a of the site is defined as Ϫlog(K d ). The affinity for the transported ion of site A is assumed to be always FIGURE 1 The model of an ion pump with three ion binding sites. (A) The configuration of the model. Three ion binding sites (sites A, B, and C) comprise the ion transport pathway in the pump molecule. The translocated ion migrates by jumping between the adjacent ion binding sites. (B) Schematic presentation of the potential profile along the transport pathway. The depth of the wells along the ion translocating pathway represents the affinity for the transported ions. The rate constant of ion transfer between the adjacent binding sites is defined by the height of the potential barrier. The effect of membrane potential on the individual rate constants is expressed through the electrical distances as shown by Eq. 1. The energization and relaxation correspond to the upward and downward transitions between the two potential profiles. (C) State diagram for the model. Each triplet describes one occupancy state of the binding sites. XXX represents the fully occupied state and OOO represents the fully empty state. Arrows represent the permissible transitions among states as one of the ions moves one step at a time. The probability of two ions jumping simultaneously is assumed to be negligible. The path XXO 3 XOX 3 XOO 3 OXO 3 XXO (shown in bold letters and thick lines) shows the most probable path for unidirectional ion transport. (D) A simple example of the behavior of the model. The rate constants corresponding to those in B were set as follows. For the relaxed state, k ϩ1 ϭ 0.3, k ϩ2 ϭ 0.5, k ϩ3 ϭ 0.02, k ϩ4 ϭ 0.3, k Ϫ1 ϭ 0.04, k Ϫ2 ϭ 0.3, k Ϫ3 ϭ 0.3, and k Ϫ4 ϭ 0.25. For energized state, k ϩ1 ϭ 0.3, k ϩ2 ϭ 0.02, k ϩ3 ϭ 0.5, k ϩ4 ϭ 0.3, k Ϫ1 ϭ 0.04, k Ϫ2 ϭ 0.3, k Ϫ3 ϭ 0.3, and k Ϫ4 ϭ 0.25, respectively. The values were chosen just for simplicity. The products of the probability of the transfer in one step toward the right side and left side are equally 0.0009 for the relaxed and energized states. The probability of the energization or relaxation in one step was set to be 0.5. Successive transitions between the energized and relaxed states induced a unidirectional transfer of the ions (With Transitions). When the system was fixed to the energized or relaxed state, there was no net ion transfer (Relaxed State Only and Energized State Only). high, whereas the affinity of site C is always low. The affinity of site B is variable. It decreases upon energy-linked conformational change (energization) and returns to the high-affinity state during spontaneous relaxation to the original conformation. The potential profiles for the transported ion and the three binding sites are shown schematically in Fig. 1 B. Here the affinity is represented by the depth of the wells along the ion translocating pathway. The energization and relaxation correspond to the upward and downward transitions between the two potential profiles. As the input of energy (absorption of a photon, ATPase reaction at a catalytic site, and so on) and relaxation are stochastic, the conformational transitions were assumed to occur stochastically in the model. The ions are assumed to jump between the ion binding sites along the potential profiles. Depending on the binding site occupancy, the system has eight distinct states, as shown in Fig. 1 C. When we look at a single ion pump molecule, the state of the molecule migrates among these eight states stochastically like a random walk. The transition probabilities between these eight states are defined by the potential profile in Fig. 1 B, which is changed stochastically, depending on the energized or relaxed states.
Computer simulation based on this model was carried out as follows. Let a molecule start a random walk from one of the eight states in Fig. 1 C. For example, it starts from state XXX in the relaxed potential state. A random number is generated by a computer to decide if the system makes the transition to the energized state or not. Then the molecule advances one step according to the set of rate constants that are associated with the potential profile of the present state. This process is also stochastic and is governed by another random number. Then the next random number is generated to decide if the molecule makes the transition to the other potential state, and another one step is made according to the potential. When the molecule migrates from XXX to XXO, it is assumed that one ion is released to the right side of the ion pump, and when it migrates from XXO to OXO, it is assumed that one ion is released to the left side. In this way, the net flux was counted. The effect of ion concentration was taken into account simply by multiplying the binding rate constants by the concentration of the ion. The effect of ⌬⌿ on the rate constant (k) was introduced according to Eyring's rate theory, and the electrical distance between the ion binding sites was determined as in the following equation:
where k o is the intrinsic rate constant in the absence of membrane potential, F is the Faraday constant (96,484 C mol Ϫ1 ), and ␦ is the electrical distance. The sum of ␦s between sites A and B (␦ 1 ) and sites B and C (␦ 2 ) is 1 (Hille, 1991) . ⌬⌿ is the membrane potential (V), R is the gas constant (8.3144 J K Ϫ1 mol Ϫ1 ), and T is the absolute temperature (293 K). The 2 in the dominator in the exponential function appears from the assumption of a symmetrical barrier (Hille, 1991) . Fig. 1 D shows an example of the results of a simulation. The rate constants are defined in the legend. Note that the product of the rate constants of all forward and backward ion transfer steps are equal in the energized and relaxed states. It is necessary to keep the product of the rate constants of forward and backward steps the same for each of the defined states, because if this condition is violated in any state, the state works as a perpetual-motion machine. It can be seen in Fig. 1 D that when the state of the system was fixed at the energized or relaxed state, there was no net transfer of the ion, but when the system was fluctuating between the energized and relaxed states, a unidirectional ion transfer was induced.
Application to bacteriorhodopsin
The primary purpose of this model is to give a simple and easily understandable explanation for vectorial transport. Yet it may be important to show that this model can describe some essential features of an actual ion pump with appropriate parameters. Here we try to simulate a lightdriven proton pump, bacteriorhodopsin. In bacteriorhodopsin, Asp 96 is located on the cytoplasmic side to take up a proton (Otto et al., 1989; Gerwert et al., 1989; Butt et al., 1989) . The pK a of this aspartate is known to be as high as 11 in the unphotolyzed state (Szaraz et al., 1994; Miller and Oesterhelt, 1990; Pfefferle et al., 1991; Maeda et al., 1992) . In the center of the molecule there is a Schiff base between retinal and Lys 216 , the pK a of which is as high as 13 in the unphotolyzed state and decreases upon energization (Govindjee et al., 1994) . On the extracellular side, Asp 85 , Glu 194 , and Glu 204 comprise the proton-ejecting mechanism , of which Asp 85 plays the most important role (Butt et al., 1989; Otto et al., 1990; Dickopf et al., 1995) . The pK a of Asp 85 is ϳ3 in the unphotolyzed state (Braiman et al., 1996; Richter et al., 1996) . See Oesterhelt et al. (1992) , Lanyi (1993 Lanyi ( , 1995 , and Luecke et al. (1999) for the more detailed description of bacteriorhodopsin. In the application of the model to bacteriorhodopsin, we assumed that sites A, B, and C correspond to Asp 96 , the Schiff base, and the proton-ejecting mechanism comprising Asp 85 , Glu 194 , and Glu 204 , respectively. It was shown that the pK a of Asp 96 changes during the photocycle in a mutant bacteriorhodopsin (Cao et al., 1993) . The pK a of Asp 85 increases during the photocycle (Braiman et al., 1996) , and Asp 85 and Glu 204 interact each other to change their pK a 's to facilitate proton release (Richter et al., 1996) . However, in the simulation, the pK a 's of sites A and C were fixed, and only the change in the pK a of site B was taken into account for simplicity.
The rate constants for the simulation were set as follows (see also Fig. 1 B, Table 1 , and Muneyuki et al. (1996) ). The on constant of protons to sites A (k ϩ1 ) and C (k Ϫ4 ) was estimated to be 10 11 and 10 10 M Ϫ1 s Ϫ1 , which are reasonable values for the rate constants for protonation. To satisfy the pK a of 11 and 3 for sites A and C, the off constants from site A (k Ϫ1 ) and C (k ϩ4 ) are 10 0 and 10 7 s Ϫ1 , respectively. For the relaxed state, as we assume that the proton transfer from site A to site B corresponds to the decay of the M intermediate of bacteriorhodopsin, the rate constant for the proton transfer (k ϩ2 ) should be 10 2 s Ϫ1 . Combined with the pK a for site B of 13, which corresponds to the pK a of the Schiff base in bacteriorhodopsin in the unphotolyzed state, the rate constant for proton transfer from site B to site A (k Ϫ2 ) is 10 0 s Ϫ1 . As for k ϩ3 and k Ϫ3 , we arbitrarily put 10 Ϫ8 and 10 2 s Ϫ1 , respectively. For the energized state, there is less reason to assign values to the rate constants. As the pK a of site B is assumed to be 2 in the energized state, the ratio of k ϩ3 to k Ϫ3 is 10. Keeping k Ϫ3 the same as in the relaxed state (10 2 s Ϫ1 ), k ϩ3 should be 10 3 s Ϫ1 . To make k ϩ3 and k Ϫ2 symmetrical, k Ϫ2 is also assumed to be 10 3 s Ϫ1 and hence k ϩ2 is 10 Ϫ6 s Ϫ1 . To satisfy microscopic reversibility,
for the energized and relaxed states, respectively. The electrical distances between sites A and B and sites B and C were assumed to be 1.0 and 0.0. Note that the assumptions about the rate constants are made to carry out a simple numerical simulation and should not be regarded as a precise modeling of the bacteriorhodopsin photocycle. One step of calculation corresponded to 10 s. The probability for the energization or relaxation was set at 0.001 for each step, which means the average lifetime of the energized and relaxed states was 10 ms.
The simulated ⌬pH dependency, ⌬⌿ dependency, and pH dependency of the proton translocation are represented in Fig. 2 . As was observed experimentally (Muneyuki et al., 1996) , the rate of proton translocation was less affected by the pH gradient across the membrane than the ⌬⌿. When the pH of both sides of the ion pump was kept equal and changed simultaneously (⌬pH 0), the rate of proton translocation exhibited a bell-shaped pH dependency, shown in Fig. 2 D. A similar dependency was also observed experimentally (Muneyuki et al., 1998) . At basic pH, the proton concentration is so low that the rate of proton translocation is decreased. At acidic pH, high probability of the occupation of site C leads to the decrease in proton translocation. This is analogous to the ion concentration dependency of the flux through a multiion channel (Hille and Schwarz, 1978; Hille, 1991) . The conductance of a multiion channel decreases at an extremely high ion concentration because flux depends on the existence of vacant sites for ions within the channel. At high concentrations, any vacancy formed by an ion jumping into the solution is immediately canceled by another ion coming back from the solution, and the net flux is inhibited. The bell-shaped ion concentration dependency was also observed for a light-driven Cl Ϫ pump, halorhodopsin (Okuno et al., 1999) .
The correspondence of the simulation and experimental results (Muneyuki et al., 1996 (Muneyuki et al., , 1998 Okuno et al., 1999) is fairly good in view of the drastic simplification made in the model, suggesting that the present simple model contains some essential principle of ion pumps. In the following sections, we describe the effects of various parameters on the ion transport properties and examine the behavior of this model. 
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Effect of the probability of energization and relaxation (flipping rate)
As shown in Fig. 1 D, successive transitions between the energized and relaxed states resulted in the unidirectional ion translocation. The net translocation was induced by the redistribution of the ions among the three binding sites and the bulk phase on the left and right sides after the state transition. Thus it is expected that if the probability of energization and relaxation (the flipping rate) was too high, the redistribution of the ions on the potential surface cannot keep up with the potential changes and the efficiency of the coupling (number of translocated ions per number of energizations) will decrease considerably. In Fig. 3 A, the average cycle time was fixed at 20 ms and the ratio of the average energized and relaxed period (duty ratio) was changed. Other rate constants were the same as for the simulation of bacteriorhodopsin (Table 1 ). In this case, a clear optimum point emerged. In Fig. 3 B, the probabilities of energization and relaxation were kept equal and simultaneously changed. As expected, the coupling efficiency ( Fig. 3 B, open circles) strongly depended on the flipping rate. When the average cycle time exceeded 200 ms, the efficiency was more than 90%, and it reached 99% when the cycle time was 1 s. On the other hand, when the cycle time was less than 0.2 ms, the efficiency was less than 1%. However, the rate of flux (the number of transported ions per unit time; Fig. 3 B, filled circles) monotonously increased as the flipping rate increased. This is because even if the relaxation occurs quickly after energization, the next energization also quickly follows. To achieve both a high coupling efficiency and a high rate of translocation, an appropriate set of transition rates should be chosen.
The flipping rate also affects the ⌬pH and ⌬⌿ dependencies of ion translocation. In Fig. 4 , A-C, the average lifetime of the energized state was fixed at 10 ms, and the average lifetime of the relaxed state was changed to 1, 10, and 100 ms by changing the probability of energization. In Fig. 4 , D-F, the average lifetime of the relaxed state was fixed at 10 ms, and the average lifetime of the energized state was changed to 0.3, 3, and 33 ms. These results suggest a possibility that the ⌬pH and ⌬⌿ dependencies of an ion pump may depend on the rate of energy supply, such as the light intensity for light-driven ion pumps or the ATP concentration for ATP-driven ion pumps. 
The effect of pK a of binding sites
Other important factors that govern the behavior of this model are the pK a values of sites A, B, and C and the magnitude of the pK a change of site B. The change in pK a values is strictly related to the change of the corresponding rate constants, and their effects cannot be separated. Here we changed the pK a values by changing the rate constants systematically, as shown in Table 1 . The calculated fluxes at zero potential are shown in Fig. 5 . The results contain complex effects of rate constants, and a straightforward explanation may be difficult; however, it is notable that the range of the pK a change of site B may not necessarily exceed the pK a of sites A and C to induce unidirectional flux. When the pK a of sites A and C was 8 and 6, the induced flux was small, even if the pK a of site B changes between 4 and 10. On the other hand, when the pK a of sites A and C was 10 and 4, significant flux was induced by the pK a change of site B between 5 and 9.
The effect of electrical distance between ion-binding sites
In the present model, the structure of the protein is largely simplified, and the effect of dielectric environment is expressed by electrical distance between the ion-binding sites. When the electrical distance between binding sites was changed, there was a significant change in the ⌬⌿ dependency (Fig. 6) . Rate constants were the same as those used for the simulation of bacteriorhodopsin (Table 1) . ⌬pH dependency in the absence of ⌬⌿ was not affected at all because the electrical distance affects the rate constants only in the presence of membrane potential.
DISCUSSION
In the hypothesis of the "proton well," Peter Mitchell proposed that ion concentration gradient and membrane potential are kinetically and energetically equivalent for an ion pump (Mitchell, 1969) . Although the energetic equivalence of the concentration gradient and membrane potential has been established in his chemiosmotic theory, their kinetic equivalence has not been experimentally confirmed, and it imposed a difficult constraint on a possible mechanism of ion pumps. Recent experimental results for bacteriorhodopsin, obtained with a planar bilayer method, demonstrated that kinetic equivalence is not a necessary condition for an ion pump (Muneyuki et al., 1996) , and our present model is in concert with the result. In the case of F-type ATP synthase, their kinetic inequivalence has also been shown under ATP synthesis conditions (Kaim and Dimroth, 1998a,b) .
The existence of at least two potential profiles along the ion transport pathway assumed in the present model is a general requirement of an ion pump that carries out active transport. Actually, as shown in Fig. 1 D, if the potential profile is fixed, no unidirectional flux was induced. With a single potential profile, it is impossible to define an energy input. This is clearly in contrast to the usual situation for enzymes, which can accelerate an energetically favorable reaction by providing a single potential profile with low activation energy. This is a theoretical rationale why ion pumps must have at least two conformational states, although the difference between the two conformations may be only a subtle one (Luecke et al., 1999) . To induce a unidirectional flux, at least one of the potential profiles must be asymmetrical. At the same time, the products of the rate constants of all forward and backward ion transfer steps must be equal in each potential profile. Otherwise, the microscopic reversibility is violated and the state acts as a perpetual-motion machine. FIGURE 3 Effect of the probability of energization and relaxation (flipping rate). (A) The average cycle time, which is proportional to (1/ probability of energization ϩ 1/probability of relaxation) was fixed at 20 ms, and the ratio of the average energized and relaxed period (duty ratio) was changed. Other rate constants were the same as in Fig. 2 (Table 1). (B) The probabilities of energization and relaxation were kept equal and were simultaneously changed. F, Flux. E, Coupling efficiency (number of translocated ions per number of energizations).
The mechanism of ion pumps has often been discussed in terms of an "affinity" mechanism and an "accessibility" mechanism (Lanyi, 1993; Kalisky et al., 1981) . Our model, at a glance, is governed by an affinity mechanism. In principle, a simple accessibility change that does not accompany affinity change or is not linked to a specific ion-bound state cannot elevate the energy level of the transported ion and cannot mediate active transport. Some models seem to assume accessibility switching upon binding of an ion from one side and upon release of the ion to the other side (Malmström, 1985) . These models seem to work without affinity change. Läuger proposed that a change in bind-ing affinity is not a prerequisite of active transport, but it is favorable for a high turnover rate of the pump (Läuger, 1984 (Läuger, , 1991 . For example, if two conformational states of an ion pump that is open to the extracellular side (E state) or the cytoplasmic side (C state) are assumed and only the C state with a bound ion (HC state) is assumed to selectively react with a substrate to change its conformation to the E state with a bound ion (HE state) (Läuger, 1984) , active transport from the cytoplasmic side to the extracellular side is achieved without affinity change. In this case, however, the lifetime of the HC state is shortened in the presence of the substrate and the ratio of ion pump molecules in the C FIGURE 4 The effect of flipping rate on the ⌬pH and ⌬⌿ dependency of ion translocation. (A-C) The average lifetime of the energized state was fixed at 10 ms, and the average lifetime of the relaxed state was changed to 1, 10, and 100 ms. (A) ⌬⌿ and ⌬pH were changed as in Fig. 2, A , B, and C. (D-F) The average lifetime of the relaxed state was fixed at 10 ms, and the average lifetime of the energized state was changed to 0.33, 3.3, and 33 ms. In D-F, ⌬⌿ and ⌬pH were changed as in A-C, respectively. The abscissa is the coupling efficiency. Other rate constants were the same as in Fig. 2 (Table 1 ). state to those in the HC state deviates from equilibrium. This change in the ratio of the C state to the HC state is similar, after all, to the change in the affinity for transported ions, although the rate constants of the ion binding and release are kept constant. On the other hand, any affinity change is caused by a change in the corresponding rate constants, and it may be regarded as the accessibility change. Actually, in our model, the accessibilities from site A to site B and from site B to site C (k ϩ2 and k ϩ3 in Fig. 1  B) are greatly reduced and enhanced, respectively, upon energization. Therefore, it seems to us that the "affinity" mechanism and "accessibility" mechanism stand for different viewpoints, but they are not very different from each other. It is notable that the accessibility change in the former case should be linked to a specific ion-binding state, and the affinity change in the latter case requires at least one asymmetrical potential profile.
Our model may be similar to the fluctuation-driven ratchet mechanism (Ajdari and Prost, 1992) , which has been applied to explain properties of the molecular motors (Magnasco, 1993; Bier, 1994, 1996; Doering et al., 1994) . According to the ratchet mechanism, symmetry breaking and substantially long time correlation are essential to induce directed motion. In the present model, the symmetry breaking is provided by the affinity difference of sites A and C, and the effect of flipping rate shown in Figs. 4 and 5 represents the significance of time correlation. It has been claimed that a model based on the ratchet mechanism (Astumian and Bier, 1994) cannot explain the experimentally observed stepping efficiency (coupling efficiency) in the case of a kinesin-microtuble system (Svoboda et al., 1994) . In the present model, the concept of multiple ion occupancy considerably improved the coupling efficiency by preventing back-reaction. For example, as shown in Fig.  1 B, when the affinity of site B decreased upon energization, the ion bound at site B can exit only to site C because site A is already occupied by another ion and site C is most probably empty because of their affinity for transported ions. When the lifetime of the energized state (low-affinity state of site B) is long enough, the ion that moved to site C is released to the aqueous phase on the right side, and after relaxation, only site A can provide an ion to site B because site C has already become empty. The concept of multiple ion occupancy was introduced to explain the high permeability and high selectivity in a multiple-ion channel (Hille and Schwarz, 1978; Hille, 1991) . It was shown that the crystal structure of the K ϩ channel was indeed consistent with that concept (Doyle et al., 1998) . We suggest that in an ion pump, multiple ion occupancy also plays an important role in achieving high coupling efficiency. One of the most prominent differences between ion pumps and ion channels is the significantly slower turnover rate of the former (ϳ100 ions/s) than the latter (up to 10,000,000 ions/s). This difference may arise from the fact that ion pumps have to carry out a transition between two conformational states in every catalytic cycle, whereas it is not necessary for an ion channel. In addition, the flipping rate dependency of the coupling efficiency shown in Fig. 4 may also account for the difference in their turnover rate.
The present model demonstrated that the unidirectional ion flow can be induced by a relatively simple affinity change of a single ion-binding site (site B). When the surrounding ion-binding sites (sites A and C) create an appropriate asymmetrical potential field, the affinity change of the middle site may not be so large as shown in Fig. 5 . It seems that the pumping activity does not require a very precise mechanism. An ancient primitive ion pump may have adopted a stochastic and loose coupling mechanism such as the one described here. During the evolutionary process, tight coupling between the number of translocated ions and the number of energizations (e.g., ATP hydrolysis, photon absorption) and high turnover rate have apparently been achieved by tuning the potential profiles, flipping rates, and timing of the energization and relaxation, which FIGURE 5 The effect of the pK a of sites A and C and the effect of the pK a change of site B. The pK a values were changed by changing the rate constants systematically as shown in Table 1 . The calculated fluxes at zero potential and zero ⌬pH (pH 7) are shown.
FIGURE 6
The effect on the ⌬⌿ dependency of electrical distances between binding sites. The electrical distances between sites A and B and sites B and C are 1:0 (F), 0.8:0.2 (E), 0.6:0.4 (f), 0.4:0.6 (Ⅺ), 0.2: 0.8 (OE), 0:1 (‚). Other rate constants were the same as in Fig. 2 (Table 1 ). were assumed to be completely random in the present model. We would like to present the speculation that an ancient ATP hydrolysis-driven pump might be a kind of chimera of some ATP-utilizing enzyme and ion channel. The main physiological role of that ancestor protein might not be ion pumping, but phosphorylation or something else. After the coupling efficiency was improved, ion pumping and, eventually, the reverse reaction, ATP synthesis, might have become its main physiological role. The present tightly coupled F-type ATP synthase and P-type ATPases may be the results of such evolutionary processes. The fact that F-type ATP synthase is separable into an ion channel portion and an ATP hydrolysis/synthesis portion that has structural motifs in common with other ATP-utilizing proteins (Muneyuki et al., 2000) seems consistent with this speculation. The finding that the D85T mutant of bacteriorhodopsin transports Cl Ϫ is an impressive demonstration that active transport is achieved once an appropriate ion-binding site is introduced, even without fine-tuning of the ion transport pathway. The interesting finding that some mutant bacteriorhodopsins exhibit inversion of proton translocation (Tittor et al., 1994) is an indication that the photochemical reaction and the direction of proton translocation are not necessarily tightly coupled. Application of this model to a reversible pump such as H ϩ -ATP synthase is a challenge. We have shown here that the present model can reproduce the experimental results on bacteriorhodopsin to some extent. However, this success might depend on the fact that energy donated by an absorbed photon far exceeds the requirement of the transport process in bacteriorhodopsin and the reaction is virtually irreversible. When we deal with an ion pump operating in a reversed mode (e.g., proton transport-coupled ATP synthesis) near equilibrium, both potential profiles for ATP hydrolysis/synthesis and ion translocation should be considered. The potential profiles should be made to prevent partial reaction (such as ATP hydrolysis) without the other (such as ion translocation) to achieve practical coupling efficiency. For this purpose, correlation between potential profiles for ATP hydrolysis/synthesis and ion translocation seems to be required, which is not included in the present model. Actually, very strong correlation (tight coupling) between the ATPase reaction and ion translocation is observed for ATP-driven ion pumps. In our opinion, the strong correlation may be the result of evolutionary processes. In addition, when we think of the origin of the energy for ATP synthesis by ion concentration gradient, the essential role of the thermal fluctuation of the pump protein must be taken into account.
In conclusion, we have shown here that unidirectional active ion transport can be achieved by our energizationrelaxation channel model, which assumes only transitions between two conformations with asymmetrical potential profiles for translocated ions. The introduction of the concept of multiple ion occupancy contributed considerably to the improvement of coupling efficiency. The most primitive ancient ion pumps may have adopted such a mechanism and then evolved to realize efficient reversible coupling by achieving a strong correlation between the potential states for translocated ions and potential states for coupled chemical reactions.
